Abstract The purpose of this study was to evaluate the relationship between the pelvic osteolytic volume on computed tomography (CT) and clinical outcome in patients with cementless acetabular components. We reviewed 87 patients (104 hips) who met the following inclusion criteria: (1) there was evidence of pelvic osteolysis on CT at a minium of five years postoperatively, (2) all cups and stems were radiographically stable at the time of CT, (3) the follow-up period after CT was a minimum of two years clinically. The mean pelvic osteolytic volume was 2.3±6.9 cm 3 . The mean Harris hip score (HHS) at CT was 92.3 ± 7.9 points. Inversely moderate correlation (r = −0.569, P < 0.05) was found between the HHS at CT and pelvic osteolytic volume. In ten cases of hips with acetabular revisions, the mean pelvic osteolytic volume was 16.3±26.9 cm 3 . The mean HHS at CT and HHS at reoperation was 87.6±9.2 points and 73.4± 8.8 points, respectively, with significant difference (P< 0.05). The area under curve (ROC) analysis showed that the optimal cutoff value of the osteolytic volume was 4.8 cm 3 with 100% each for sensitivity and specificity. We conclude that the amount of pelvic osteolytic volume on CT may be used to guide treatment decision-making in patients with well-fixed cementless acetabular components who show evidence of pelvic osteolysis.
Introduction
Periprosthetic osteolysis is primarily induced by the presence of wear particles and is potentiated by mechanical factors [1, 2] . Wear particles are thought to initiate the biological reactions that lead to increased bone resorption and decreased bone formation [3] , and many types of cells have been involved in inducing the osteolytic response [4] . The entire pathway is not well understood. Osteolysis can eventually produce implant instability. Implant instability can accelerate the inflammatory response and destabilise the implant [5, 6] , and many efforts have been made to reduce wear particles. The progression of pelvic osteolysis generally makes bone defects more serious, and the revision process more difficult, and is the most important complication in terms of implant longevity [7, 8] .
Compared with cemented acetabular cup fixation cases, cementless acetabular cup fixation shows different patterns of pelvic osteolysis [7] . It is clinically silent until huge bone defects cause the loosening of the acetabular components and pain develops clinically [1] .
It is therefore necessary to detect pelvic osteolyis for patients to reduce their suffering, to decrease the expense for treatment, and to improve treatment outcomes [8, 9] . Plain radiographs are less sensitive than computed tomography (CT) scans [10, 11] , because of factors such as lesion location, patient size, position of the pelvis, and magnification [12, 13] . Currently, CT scan with metal artifact reducing software is considered to be the standard to detect pelvic osteolysis and evaluate the shape, volume, and location of pelvic osteolysis [10, 11] .
There has been a surveillance algorithm [14] for monitoring pelvic osteolysis following total hip arthroplasty (THA); however, there is no general treatment guideline dealing with the timing of reoperation in the well-fixed patients with established pelvic osteolysis on CT scan.
In this study, we examined the correlation between pelvic osteolysis on CT and clinical function. We also followed-up the patients clinically for a minimum of two years and observed their clinical outcomes. The aims of the study were to evaluate the amount of pelvic osteolytic volume on CT which can be a clinical risk factor for reoperation in patients with well-fixed cementless acetabular cups.
Materials and methods
Ninety-seven patients (118 hips) who had undergone primary THA between January 1996 and February 2001 at our hospital were given CT scans at a minimum of five-years postoperatively between April 2006 and June 2006. All CT scans were acquired using the same machine. All the acetabular components had hemispherical, porous-coated titanium shells with multiple holes (Harris-Galante cup, Zimmer, Warsaw, USA) and all the femoral heads were of cobalt-chrome alloy with a diameter of 28 mm. In 63 hips, polyethylene (PE) liners used were ultra high molecular weight polyethylene sterilised by gamma radiation in air; and highly cross-linked PE sterilised with gas plasma [15] was used in the remaining 55 hips. Among these patients, we retrospectively reviewed 87 patients (104 hips) who met the following inclusion criteria: (1) there was evidence of pelvic osteolysis on CT scans, (2) all cups and stems were radiographically stable at the time of CT scans, and (3) the follow-up period after CT scans was a minimum of two years clinically. We considered acetabular revisions during follow-up as a failure, whereas we excluded patients who had liner exchange and/or bone grafting as part of a femoral revision. The male/female ratio was 57/30, and mean patient age at the time of surgery was 48.5 years (range, 21-65 years). The most common reason for THA was avascular necrosis (AVN) of the femoral head in 78 hips (75%). The mean time interval between surgery and CT scans was 81.4 months (range, 61-146 months). The mean followup period after CT scans was 30 months (range, 6-37 months). This study was approved by our local institutional review board and all patients provided informed consent.
All CT images were acquired using a 16-channel multidetector row CT (Sensation 16; Siemens Medicals, Erlangen, Germany) using a detector collimation of 16×0.75 mm, a tube energy and current of 120 kVand 250 mAs, respectively, and a 0.7-mm beam pitch in Osteo scanning mode. Areas from 5 cm above the dome of the acetabular cup to the distal limit of the ischium were evaluated. Display section thicknesses were 1 or 2 mm and image thicknesses for secondary raw data used for multiplanar reformatting were 0.5 or 1 mm. The images were obtained in the axial plane, and coronal and sagittal planes were reconstructed from the data obtained. A medium bone algorithm which is bone kernel with a mid range edge enhancement algorithm was used to correct for image degradation caused by hip prostheses. A surgeon and a radiologist, who were unaware of the radiographic results, performed measurements independently using 3D software (Rapidia 2.8; Infinite, Seoul, Korea). Interpretation was done independently and interobserver reliability in measuring osteolysis, as expressed by Cronbach's alpha value, were 0.93. Pelvic osteolysis was defined as any sharply demarcated area adjacent to the socket or screws without osseous trabecular defects, and was classified as osteolysis when it met the following criteria [16, 17] : (1) a well-defined sclerotic border, (2) a clear communication between the defect and the cup, (3) the absence of trabecular bone, and (4) bone defects present on CT scans that were not evident on the six-week postoperative radiographs. Bone defects seen on the CT scan and the six-week postoperative radiographs were defined as pre-existing lesions. Criterion (1) is excluded if the lesions are located at the most inferior or superior area. The software automatically computed the total volumes of pelvic bone defects from segmented areas of osteolysis, measured on slices, and CT image slice thickness (Fig. 1) .
Linear PE wear was determined as described by Dorr and Wan [18] using digitalised AP radiographs. For the Dorr and Wan method, radiographs were magnified to 200%, printed, and readings taken with digital caliper with an accuracy of 0.01 mm (digimatic calipers, Mitutoyo Corporation, Kawasaki, Kanagawa, Japan). This method uses only the edge of a ball along the face of a cup, because it is almost always well visualised, and is a convenient method for determining PE wear after THA with cementless acetabular cups [19, 20] . This method has a reported accuracy of 0.6 mm for linear wear [19] . A study showed no statistically significant difference between the mean errors of clinical measurement of PE wear with Dorr and Wan, Livermore, computerised Polyware, and Hip 32 Suite analysis methods [19] .
Clinical functions were evaluated using Harris hip score (HHS) [21] . HHS was checked during preoperative assessment for the primary hip surgery, CT scan taken, and last follow-up.
Correlation analysis was undertaken using Spearman rank correlation coefficient to assess the relationship between HHS and pelvic osteolytic volume. Receiver operating characteristic (ROC) analysis was used to determine optimal cut-off values of various pelvic osteolytic volumes in order to predict reoperation. It was made using measures of sensitivity and specificity based on these various values. We also compared area under curve (AUC) for four types of ROC curves, which were plotted by HHS, total wear amount, annual wear rate, and osteolytic volume. Statistical analysis was performed using SAS software (version 9.12, SAS, Cary, NC), and P values of < 0.05 were considered statistically significant.
Results
The mean pelvic osteolytic volume of the 87 patients (104 hips) on CT scans was 2.3±6.9 cm 3 (range, 0.2-61.7 cm 3 ). Of these, 75 hips had pelvic osteolytic volumes of less 1 cm 3 , 19 had volumes between 1 and 6 cm 3 , and ten had volumes greater than 6 cm 3 . The mean annual linear wear rate was 0.08±0.06 mm/year (range, 0-0.27 mm/year). The mean linear wear in 63 hips with conventional PE was 0.11±0.07 mm/year (range, 0.01-0.27 mm/year), whereas it was 0.05±0.04 mm/year (range, 0-0.20 mm/year) in 55 hips with highly cross-linked PE (p=0.001). The mean HHS at CT scan was 92.3±7.9 points (range, 74-100 points). Inversely moderate correlation (r=-0.569, P<0.05) was found between the HHS at CT scan and pelvic osteolytic volume.
Of the 87 patients (104 hips) who showed pelvic osteolysis on CT scans, 14 patients (15 hips) (14.4%) underwent acetabular and/or femoral revisions during the follow-up, including stem change with liner exchange for stem loosening in five hips, cup change for cup loosening in two hips, cup and stem change for both loosening in three hips, and liner exchange with bone grafting for aggravated hip pain in five hips.
In ten cases of hips with acetabular revisions ( ROC analysis showed that the optimal cutoff value of the osteolytic volume was 4.8 cm 3 with 100% each for sensitivity and specificity. ROC curve of ostolytic volume had the greatest AUC (1.00; 95% CI, 0.97-1.00) and that of total wear amount was the second (92%) (Fig. 2) . The difference between these two AUCs was not statistically significant (p=0.079).
Discussion
Both anteroposterior and oblique radiographs of the hips provide the most convenient means of screening for detection of osteolysis because of the lower cost and easy accessibility [22] . However, pelvic osteolysis has Fig. 1 Measurement of osteolytic volume on computed tomography scan been underdiagnosed in radiographs [10] . Currently, CT scan with metal artifact-reducing software is considered to be the most sensitive method for diagnosing the presence and location of osteolysis and the most accurate method for measuring osteolytic volume [10, 11] . Egawa et al. [23] reported a strong correlation (r =0.93, r 2 =0.87) between the actual volume of pelvic osteolysis measured on CT scan and osteolytic volumes calculated on radiographs. However, values calculated on radiographs deviated from osteolytic volumes measured on CT scan; therefore, it was concluded that CT is the preferred diagnostic modality in terms of determining accurate pelvic osteolytic volumes.
The pelvic osteolytic volumes (mean, 2.3 cm 3 ) in our recent study [22] were substantially lower than those found in several other studies (Table 2) [10, 16, [23] [24] [25] , and this is most likely due to multiple factors. These include the fact that our study population was not composed of a high risk group for osteolysis [14] , the time interval between THAs and CT scans was shorter, and the wear amounts were lower compared to other established studies. Additionally, the type of polyethylene liner could affect the result of lower pelvic osteolytic volumes in our study. Currently, the clinical protocol for patients who have had THA done at our institution includes obtaining CT scans according to the surveillance algorithm proposed by Stulberg et al. [14] .
Many published data have shown that pelvic osteolysis had no correlation with clinical function [26] [27] [28] . In particular, pelvic osteolysis in cementless acetabular fixation cases may be clinically asymptomatic until loosening occurs [1] . A few published studies have shown a correlation between pelvic osteolysis and clinical function, but the results are rather ambiguous [25, 29] . Looney et al. [25] and Schwarz et al. [29] reported that HHS tends to correlate inversely with CT scan measures of pelvic osteolysis, but this correlation did not reach significance (r=−0.418, P =0.066). In our study, pelvic osteolytic volume tended to correlate inversely with the HHS (r=−0.569, P<0.05); however, this did not reach significance. Schwarz et al. [29] reported progression of osteolysis for over one year in 20 patients with established pelvic osteolysis, and Howie et al. [24] found that hips with larger osteolytic lesions on CT scan were most likely to show progression. We also found a significant difference between HHS at CT scan and HHS at reoperation in the failure group (>6 cm 3 pelvic osteolytic volumes). Total hip arthroplasty is a successful operation because of pain relief. Pain disappears because the natural symptomatic joint is replaced with a neuropathic spacer functioning within a foreign body bursa; and clinical functions, mainly pain, can Fig. 2 Four types of receiver operation characteristic curves used to determine optimal cutoff value for the prediction of acetabular reoperation. The area under the curve of osteolytic volume was 1.00 only arise from living tissues, e.g. bone or muscle. Pelvic osteolysis can produce microscopic implant instability if it will progress. Microscopic implant instability can accelerate the inflammatory response, and then destabilise the implant macroscopically [5, 6] . It causes pain due to inflammation and mechanical irritation around the periprosthethic tissues.
Our results suggested that pelvic osteolysis may be clinically asymptomatic until a threshold amount of bone loss occurs, which then produces implant instability macroscopically which reduces clinical function. In our study, however, there was no specification of the items of HHS, and no serial CT scans to confirm this highly plausible theory. Additional investigation is obviously needed. Our study focused on which amount of pelvic osteolytic volume on CT scan can clinically be the risk factor for reoperation in patients who had well-fixed cementless acetabular cup and had no clinically important pain or other symptoms. The patterns and progression of pelvic osteolysis are evidently different between cemented and cementless acetabular cup fixation cases [7, 26] . For cemented acetabular components, a generalised-linear pattern of pelvic osteolysis develops at the cement-bone interface and progresses towards the dome of the acetabular component. As a consequence, pelvic osteolysis compromises implant stability, and a revision procedure is frequently inevitable. On the other hand, for cementless acetabular components, a localised-expansive pattern of pelvic osteolysis develops at the cup-bone intersurface and extensive bone loss can occur without affecting implant stability. These patients who have "silent osteolysis" can clinically be asymptomatic despite significant pelvic bone destruction [8, 10] . Maloney et al. [26] classified cementless acetabular component, which had evidence of pelvic osteolysis, into three categories based on the radiographic stability of porous-coated shells, and examined the possibility of retaining the shell and substituting a polyethylene liner for surgical treatment of pelvic osteolysis. This principle may now be applied to patients who have neither symptoms nor evidence of osteolysis on radiographs, but have evidence of osteolysis on CT scans [10] . The early recognition of pelvic osteolysis may increase the likelihood of successful medical or surgical intervention [8, 9] . Nevertheless, the proper timing of surgical intervention under a well-fixed porous-coated socket is debatable, and little information is available to guide treatment in the face of this growing problem [26] . In our study, clinical outcomes were found to be associated positively with the amount of pelvic osteolytic volumes (AUC, 100%). Interestingly, all failures (ten cases) occurred in the cases of pelvic osteolytic volumes of >6 cm 3 ( Figs. 3 and 4) . The optimal cutoff value of pelvic osteolytic volume for the prediction of acetabular reoperation was 4.8 cm 3 with 100% sensitivity and 100% specificity. Howie et al. [24] reported that larger lesions (>10 cm 3 ) were more likely to progress when compared with smaller lesions around cementless acetabular components. These results imply that large lesions are associated with a high risk of progression and the size of pelvic osteolytic volumes can be considered as one of the guidelines for surgical intervention. However, associations other than these variables may also exist, and a two-year follow-up period may be too short to establish such associations. With serial CT scans and longer followup periods in more patients, the ability to detect associations would be strengthened.
Compared with pelvic osteolytic volumes (mean, 7.2 cm 3 ; range 6.1-11.7 cm 3 ) in five cases of liner exchange with bone graft, pelvic osteolytic volumes (mean, 24.7 cm 3 ; range, 8.0-61.7 cm 3 ) in five cases of cup change were very large. These results suggest that the greater the pelvic osteolytic volumes, the more the extensive surgery and that an early recognition of osteolysis may decrease the extent of surgery.
Our study had several limitations. First, we could not confirm the presence or measure the volumes of pelvic osteolytic lesions during reoperation or in retrieved specimens. Nevertheless, a previous study has established that CT scan provides an accurate means of assessing osteolysis [17] . Second, we did not examine correlations between clinical function and location of pelvic osteolysis [16] or cup surface involved area of pelvic osteolysis [29] , which might influence clinical function. Third, the magnification factor used to measure pelvic osteolysis in our study was /year Our study [20] 55 X-linked/ 63 UHMWPE 118/104 6.8 2.3 0.08 mm/year different from those used in previous studies [10, 11] . Lastly, we only used the HHS in the analysis of clinical functions, and did not specify the items of HHS. In summary, this study demonstrates that pelvic osteolysis may be clinically asymptomatic until a threshold amount of bone loss occurs. Furthermore, the amount of pelvic osteolytic volume on CT scan may be used to guide treatment decision-making in patients with well-fixed cementless acetabular components that show evidence of pelvic osteolysis. 
